Glycinebetaine is an amino component that accumulates in many plant species under drought stress. In order to evaluate the response of vegetative growth, yield components, quality and anthocyanin content of roselle plants to glycinebetaine foliar application under water stress, a field experiment was performed during the two successive seasons of 2017 and 2018 at the Experimental Farm of Sakha Agricultural Research Station, Kafr El-Sheikh Governorate, Egypt as split plot. The irrigation treatments were 50±5, 65 ± 5 and 80±5% of available soil moisture depletion were allocated in the main plot while glycinebetaine foliar spray (25 and 50 mM) and distilled water as control were distributed in the sub-plots. Results showed that 80% reduced vegetative growth characters, fruit number, fruit fresh weight, calyces fresh and dry weight, calyces yield per plant and per fed as well as seed yield. Glycinebetaine at 25 and 50 mM enhanced vegetative growth and yield characters, TSS, acidity and total anthocyanin. Irrigation at 65 % combined with 25 mM glycinebetaine recorded the highest branch number, fruit number, fruit fresh weight, calyces fresh and dry weights/plant (g), seed yield per plant and calyces yield /fed, photosynthetic pigments, TSS, acidity % and total anthocyanin content while reduced pH value. Foliar spray of 25mM GB with 65 % of available soil moisture depletion was found to be more beneficial for avoiding the effects of water stress on above-mentioned attributes, which could be a feasible technique for roselle production that increases the yield and quality as compared to the other studied treatments.
INTRODUCTION
Hibiscus sabdariffa L., commonly known as roselle, is a member of the Family Malvaceae. It is an erect, mainly branched, annual, herbaceous sub shrub that grows generally in warm humid tropical and subtropical climates. The stems are reddish in color, the leaves are dark green to red, and flowers are red to yellow with dark centers. The calyces, which contain flavonoids, riboflavin, ascorbic acid, calcium, and iron, are consumed as a natural food dye (Morton, 1987) . Additionally, roselle seeds are plentiful in protein and have been crushed into a meal for human utilization in Africa. In several countries, particularly in Africa, the extract from the calyces is utilized for preparing hot tea or cold drink (McKay et al., 2009 ) because of its elevated content of anthocyanins and organic acids (Hong and Wrolstad, 1990 and Gomez-Leyva et al., 2008) as well as flavour and colour additives in the production of jam, liquor, and jellies (Akindahunsi and Olaleye, 2003) . Anthocyanins in addition to their colorful characteristics have antioxidant properties (Francis, 2000) which keep the body from damage by free radicals and lipid peroxidation (Tee et al., 2002 and Liu et al., 2002) . Furthermore, roselle calyces have been utilized in folk medicines for several years and have been demonstrated to reduce blood pressure patients with hypertension and type II diabetes (Faraji and Tarkhani, 1999) . The medicinal characteristics of roselle were further established to exhibit a wide range of therapies including, as a mild laxative and diuretic, for digestive and kidney functions, and healing sores and wounds (Morton, 1987) . Furthermore, wool fabrics could be colored in the dyeing processes by using the dried and grinded hibiscus plant (Yılmaz and Bahtiyari, 2017) .
Drought is one of the main environmental threat to agricultural production and distribution worldwide. Deficiency of water, the greatest essential component of life, restricts plant growth and crop productivity, mainly in arid regions further than any other single environmental factor (Boyer, 1982) . Egypt is located in arid and semi-arid regions and currently facing water scarcity problem.
Moreover, in the few coming decades water scarcity will increase due to the limitation of water resources, rapidly population increment and the expected impact of climate change. Drought stress has unfavorable influences on different plant species , e.g., water deprivation reduced shoot biomass, number of pods/plant and pod dry weight of bean plants (Xing and Rajashekar, 1999) , achene yield/plant of sunflower (Iqbal et al., 2008) photosynthetic rate and leaf fresh weight of papaya seedlings (Mahouachi et al., 2012) and diminished growth and yield of peas (Osman, 2015) as well as basil plants (Mahmoud et al., 2017) . In addition to, decreasing height and flower number while increased anthocyanin concentration of roselle plants (Evans and Al-hamdani, 2015) .
One of the mechanisms for increasing plant tolerance to drought is the process of osmotic adjustment, which leads to lower osmotic potential via the net accumulation of osmotically active materials (Blum, 1989) . Glycinebetaine (GB) is one of these compounds. Glycinebetaine, an amino acid derivative, is naturally found in microorganisms, plants, and animals (Sakamoto and Murata, 2002; Mäkelä, 2004) . Glycinebetaine was formerly detected in sugar beet (Beta vulgaris) juice at the rate of 100 mmolkg −1 plant tissue or 0.2-0.3% (Mäck et al., 2007) . It physiologically performs as an osmolyte to protect cells or as a catabolic source of methyl groups to accelerate numerous biochemical processes (Craig, 2004) , protect the plant cells against osmotic inactivation and enhances the water retention of cells (Sakamoto and Murata, 2002; Mäkelä, 2004; Ashraf and Foolad, 2007) . Application of glycinebetaine as a foliar spray has been utilized to enhance drought tolerance in a number of crops, e.g., bean (Xing and Rajashekar, 1999) , sunflower (Iqbal et al., 2008) ,olive (Roussos et al., 2010) , maize (Ali and Ashraf, 2011) , papaya (Mahouachi et al., 2012) and pea (Osman, 2015) . In all previously mentioned studies GB has been revealed as an effective ameliorating agent against water stress. Moreover, it has been also, used to ameliorate adverse effects of salt stress in cowpea, okra and eggplant plants ( Abbas et al., 2010 , Habib et al., 2012 and Manaf, 2016 .
Although, some of the literature are available about water stress impacts on roselle (Evans and Al-hamdani, 2015 and Sakimin et al., 2017) information concerning the influence of exogenous glycinebetaine on physiological characteristics of roselle under water deficit environment is lacking. Therefore, we hypothesized that foliar application of GB could effectively minimize drought-induced harmful effects on roselle growth and yield. Thus, the main objective of this study was to determine whether exogenous application of GB could ameliorate the effects of water deficit on vegetative growth, yield components, calyces quality and total anthocyanin content of roselle plants. Soil properties of the experiment site were determined before cultivation, soil chemical properties were determined by the method of Page et al., (1982) . Particle-size distribution was carried out using the pipette method according to Klute, (1986) , soil field capacity and permanent wilting point were determined by utilizing pressure membrane method at 0.33 and 15 atm according to James, (1988) . Soil bulk density was concluded according to Vomocil, (1957) and total porosity P% was computed using values of soil bulk density according to Black, (1965) as stated in Table (B) . 2 (6m width x7 m length). Three weeks from seeds sowing, plants were thinned to one plant/hill. The experimental design was a split plot design with three replicates. The irrigation treatments were carried out at 50±5, 65 ± 5 and 85±5% of available soil moisture depletion (ASMD) were allocated in the main plot while glycinebetaine foliar spray was distributed in the sub-plots.
MATERIALS AND METHODS
Plants were normally irrigated until 30 days from seed sowing then irrigation treatments were applied and after 30 days from applying irrigation treatments the first foliar application of GB treatments was begun while the second one was a month later. Different concentrations of GB (25 and 50 mM ) prepared in 0.1% (v/v) Tween-20 and distilled water as a control were used as exogenous application. All agricultural practices were operated according to Agricultural Research Center recommendations.
Irrigation water applied
Soil moisture content was gravimetrically determined in soil samples, which were taken from consecutive depths of 15 cm to 60 cm. For irrigation timing, soil samples were taken regularly until it reaches the required level of allowable moisture. The amount of water applied at each irrigation for every treatment was determined on the basis of raising the soil moisture content to its field capacity plus 10% as leaching requirements.
Vegetative growth characters, were estimated after 132 days from sowing, as previously reported by El Sherif et al., (2011) .The following growth criteria were recorded, using nine random plants from each treatment, plant height (cm), number of main branches/ plant, fresh and dry weight of plant (g).
Estimation of photosynthetic pigments, the fourth leaf from the top was picked after 132 days from sowing. Chlorophyll a, b and carotenoids were extracted and measured by using absorption proposed by Lichtenthaler and Buschmann, (2001) . The pigment contents were calculated as mg/cm 2 fresh weight. Yield components, in both seasons at harvest after 180 days from seed sowing that formerly reported by El Sherif et al., (2011) number of fruits/plant, fruit fresh weight (g/plant) fresh and dry weight of calyx per plant (g) and per fed (kg/g) and seed yield per plant (g)were taken.
Determination of calyces quality parameters, total soluble solids (TSS), pH and titratable acidity were determined only at the end of harvest. Ten gm of calyces and 40 ml of distilled water were macerated and homogenized by a blender as prescribed by Sakimin et al., (2017) . The mixture was purified using cotton wool and the drops of the filtrate were located on the prism glass of refractometer to get the percentage of total soluble solids. The pH of the juice was evaluated using a glass electrode pH meter (pH 526 multical) while the acidity, as malic acid was assessed as described by Horwitz et al., (1970) .
Total anthocyanins content (mg/g) in dried harvested roselle calyces was determined by the method described by Du and Francis, (1973) .
Statistical analysis of variance (ANOVA) was investigated using COSTAT software. Differences among treatments means were performed by Duncan's multiple range test (Snedecor and Cochran, 1980) .
RESULTS AND DISCUSSION

Vegetative growth characteristics
Drought caused a significant reduction in the plant height by increasing water deficit (Table, 1 ). Exogenous application of glycine betaine (GB) as a foliar spray at 50 mM significantly enhanced plant height under non-stressed treatment while there were no significant differences among used GB concentrations on plant height in both growing seasons. Severe drought treatment significantly declined main branch number, and plants irrigated at 65 % of available soil moisture depletion (ASMD) gave the highest branch number followed by plants irrigated at 50 % of ASMD without significant differences in between. Plants irrigated at 65 % of ASMD combined with GB at 25 and 50 mM increased the main branch number without significant differences between both applied levels of GB in the two growing seasons. There were significant differences between well-watered plants and deficit water treatments in fresh and dry weights of roselle plants, decreasing the amount of applied water led to decrease plant fresh and dry weights, the highest values were recorded for plants irrigation at 50 % of ASMD. This result indicates that irrigated at 50 % of ASMD treatment had enough and abundant water for optimum growth and yield as compared to that irrigated at 65 and 80% of ASMD. Application of GB at 50 % of ASMD was effective on promoting fresh and dry weights of roselle under nonstressed conditions in both growing seasons. It was noticed that drought stress diminished plant height by reducing cell turgor, cell enlargement, and division that all reflected on decreasing vegetative growth. Cell growth is further sensitive to drought than cell division (Farooq et al., 2009 
Yield components
Number of fruits and fruit fresh weight per plant were considerably declined in roselle plants subjected to severe water deficit treatment, irrigated at 80 % of ASMD (Table, 2 ). The highest fruit number and fruits fresh weight resulted from plants irrigated at 65 % then 50 % of ASMD, respectively without considerable differences between them in both growing seasons. Both applied GB levels boosted number of fruits per plant and fruit fresh weight per plant. Furthermore, irrigation at 65% of ASMD associated with 25 mM GB considerably improved number of fruits per plant and fruit weight per plant followed by that irrigation at 50 % of ASMD with 50 mM GB without significant differences among themselves.
Calyces fresh and dry weights per plant were significantly decreased under deficit irrigation treatment (Table, 2 ). The decline in roselle fresh and dry calyces weight resulted from applying deficit irrigation of plants at 80 % of ASMD due to reducing the fruit size and number of fruits per plant, which finally reflected on calyces fresh and dry weight. Foliar application of GB at 25 mM and 50 mM produced higher calyces fresh weight without significant differences in between as compared to control, while GB at 50 mM further enhanced calyces dry weight in the two growing seasons. Calyces fresh and dry weights per plant were noticeably increased due to exogenous application of GB under stress and non-stress conditions, the highest calyces fresh weight in this concern was recorded by the interaction between irrigation at 50 % of ASMD combined with 50 mM GB and irrigation at 65 % of ASMD associated with 25 mM GB without significant differences among themselves. Moreover, the highest dry weight of calyces was recorded for plants irrigated at 65% of ASMD with 25 mM GB in both growing seasons.
In the current study, water deficit treatment induced adverse effects on seeds dry weight (g/plant) and calyces dry yield kg /fed. (Table, 2) which were also, alleviated by the foliar application of GB at 25 mM on plants irrigated at 65% of ASMD. Moreover, GB significantly increased seeds dry weight (g/plant) and calyces dry yield (kg/fed). The highest seeds dry weight (g/plant) and calyces dry yield (kg/fed) were obtained from plants irrigated at 65 % of ASMD in the two growing seasons. The observed decline in plant growth and yield under water stress treatments is deemed a common response for water shortage conditions, which were earlier reported for roselle by Evans and Al-Hamdani, (2015) and Sakimin et al., (2017) and on many plants, e.g., Phaseolus vulgaris, Carica papaya and Pisum sativum (Xing and Rajashekar, 1999 Mahouachi et al., 2012 and Osman, 2015 . However, exogenously applied GB showed a positive impact on improving roselle plants growth and yield under water stress treatments. Enhancing vegetative growth characters, fruit number, fruit fresh weight, calyces fresh and dry yields as well as seed yield by using GB were parallel to earlier studies in which it was shown that plants are able to utilize foliar-applied GB and to translocate it to approximately all plant parts, particularly developing organs (Mäkelä et al., 1996) . Thus, foliar applications may raise the levels of GB in plants, which, counteracts growth inhibition induced by water stress that previously confirmed in literature. On Phaseolus vulgaris Xing and Rajashekar, (1999) revealed that glycine betaine-treated plants (10 mM) showed a slower reduction in leaf water potential, thus developing wilting symptoms were much later than the untreated plants and kept better water status through water stress treatment as well as, showed better ability to recover from wilting than the untreated plants, consequently increased all the growth characteristics and yield. Similarly, Iqbal et al., (2008) applied glycinebetaine at (0, 50 and 100 mM) on Helianthus annuus L. lines and the obtained results indicated that water stress-induced decline in achene yield/plant which was significantly diminished by the foliar application of GB at at100 mM as compared with 50 mM GB through, increased leaf water and turgor potentials when grown under water stress. Also., Roussos et al., (2010) stated that glycinebetaine had a positive impact on leaf water content, photosynthesis and yield of olive trees under both drought and wellirrigated conditions. Furthermore, the results of Mahouachi et al., (2012) on papaya seedlings under water deprivation conditions suggested that GB may modify abscisic acid, jasmonic acid, and proline accumulation via the control of stomatal movement and the high availability of compatible solutes, leading to enhancement of leaf water status and growth. Likewise, Osman, (2015) stated that GB foliar applied at 4 mM increased the growth and yield of pea plants which were decreased under drought stress at the vegetative growth stage.
Photosynthetic pigments
Roselle chlorophyll a and b concentrations exhibited no significant differences at the watering treatments and both applied glycinebetaine levels ( Fig.1 ) Moreover, the interaction between irrigation treatments and glycinebetaine showed that the highest values for chlorophyll a and b were recorded from plants irrigated at 65% of ASMD combined with GB at 25 mM in both growing seasons. These findings are supported by the previous investigation on roselle (Evans and Al-hamdani, 2015) who stated that chlorophyll a and b were not significantly affected by the drought. Also, these results were not consistent with the results from Roussos et al., (2010) who stated that drought significantly enhanced chlorophyll a and chlorophyll b concentration of olive trees compared to irrigated trees. Both applied levels of Glycinebetaine improved chlorophyll a and b concentrations because GB protects the reaction center of photosystem II (PS II) by stabilizing proteins and membranes, guarding enzymes and increasing chlorophyll concentration (Mäkelä et al., 1998) .
In relation to carotenoids, increasing drought stress from irrigation at 65 to 80 % of ASMD obviously enhanced carotenoids content (Fig.1) . Furthermore, the highest carotenoids content was achieved from plants irrigated at 80 and 65 % of ASMD combined with (control) without any significant variation between both treatments. The importance of carotenoid determination is due to the role of carotenoids as non-enzymatic antioxidants, responsible for active oxygen species scavenging, that increased under drought stress, therefore carotenoids increment is a defense mechanism and significant way to increase plant resistance to drought stress. Increases in roselle carotenoids content due to water deficit treatments were in conformity with the previous results of Rivas et al., (2013) and Shafiq et al., (2015) in which water deficiency significantly increased the accumulation of carotenoids in Moringa oleifera and Raphanus sativus L. respectively. On the other hand, these observations are inconsistent to the previous study of Evans and Al-hamdani, (2015) who noticed that roselle carotenoids content was not significantly influenced by the drought. Calyces quality parameters pH value of roselle calyces was significantly influenced by decreasing soil water content (Table, 3 ). The highest pH value was obtained from irrigated plants at 80 % of ASMD and the same irrigation treatment combined with control, on the other hand, the lowest pH value as a quality indicator was achieved when plants were irrigated at 65% of ASMD and the same irrigation treatment combined with GB at 25 and 50 mM. Control plants had significantly higher pH values than both applied levels of GB in the first and second growing seasons. Similar findings were reported by Sakimin et al., (2017) who reported regulated deficit irrigated roselle plants had significantly higher pH values than well-watered plants.
Lowering pH value as a result of irrigation at 65 % of ASMD and when was combined with both concentrations of GB is highly preferred because low pH value enhanced mineral availability when calyces of hibiscus were used as an alternative source of iron for anemia treatment and some other mineral deficiency diseases (Falade et al., 2005) .
Titratable acidity percentage
Drought stress significantly increased titratable acidity percentage, the highest acidity percentages were achieved from plants irrigated at 80 and 65 % of ASMD without significant variation among themselves (Table, 3) , on contrary, the lowest percentages were correlated with plants irrigated at 50 % of ASMD. Increases in acidity may be due to a corresponding decrease in pH value which was noticed especially when plants were irrigated at 65%. In addition, the interaction between drought and glycinebetaine were without significant differences when irrigated at 65 and 80 % of ASMD combined with both levels of GB. Exogenous application of GB at 50 mM noticeably enhanced acidity percentage followed by 25 mM GB without significant differences in between in both growing seasons. 
Total soluble solids content
The highest values of total soluble solids (TSS) of roselle calyces which are considered quality indicator were obtained for plants irrigated at 65 and 65 % of ASMD associated with 50 mM GB as well as those irrigated at 80%of ASMD with the same GB level without significant differences among themselves (Table, 3 ). However, the lowest values were achieved from plants irrigated at 50 % of ASMD and 50 % of ASMD combined with control without spraying GB in both growing seasons.
Total anthocyanins content
Anthocyanins are the major phenolic compounds existing in H. sabdariffa calyces. Decreasing amount of applied water noticeably increased total anthocyanins content of roselle calyces (Table, 3 ). Anthocyanin was significantly higher in plants irrigated at 80 % of ASMD and 65 % of ASMD without significant variation in between as compared to normal irrigated plants. Foliar application of GB significantly enhanced the accumulation of anthocyanin pigments under water deficit conditions. The combined treatment of 80 % and 50 mM GB followed by plants irrigated at 65 % of ASMD associated with either 25 or 50 mM without significant differences among themselves recorded the highest values of total anthocyanins for the two successive seasons, respectively. Similar results were earlier reported by Evans and Al-hamdani, (2015) who demonstrated that anthocyanin was significantly elevated in the calyces of subjected plants to drought stress. Furthermore, this GB-induced increase in anthocyanin as phenolic content can be related to the findings of Ali and Ashraf, (2011) who reported that foliar-applied glycinebetaine(0 or 30mM) induced increase in oil phenolic contents of maize plants under water deficit conditions.
CONCLUSION
Under the study condition especially when water becomes the most limiting factor in agriculture, it could be concluded that H. sabdarifai cv. Sabahia-17 plants could be irrigated at 65% of available soil moisture depletion with a foliar spray of GB at 25mM twice after one month from applying irrigation treatments then after a month later as alleviating factor of drought stress consequences. This treatment gave the highest values of main branch number, fruit number, fruit fresh weights, calyces dry weight (kg/plant), seed dry weight, calyces dry weight (kg fed.), chlorophyll a and b, TSS and acidity % in both growing seasons compared to all studied treatments. This observation may be important for the improvement of the medicinal properties of this plant under water stress conditions, especially in arid and semi-arid regions. Moreover, irrigation at 65% of ASMD saved a noticeable amount of irrigation water compared to irrigation at 50% of ASMD.
